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Abstract. Atomically-thin materials have drawn great interest due to their exotic properties 
leading to a variety of promising new applications. However, the out-of-equilibrium dynamics of 
these materials are still not fully understood. Ultrafast electron diffraction (UED) is a powerful 
technique for the investigation of the transient structural dynamics of monolayers with 
unprecedented spatiotemporal resolution. The UED results of WSe2 monolayers are reported and 
the suppression of the intensity of the Bragg diffraction spots following laser excitation is 
attributed to electron-phonon and phonon-phonon scattering. A two-temperature model is used to 
accurately describe these dynamics due to the low thermal conduction of the monolayer. 
Furthermore, the reported lifetimes are fit using a single-mode relaxation time approximation. 
*TKaram@edmundoptics.com 
 
1. Introduction 
Atomically-thin materials have been widely investigated in the last decade soon after the 
first exfoliation of graphene due to their numerous potential applications. In particular, 2D 
transition metal dichalcogenides (TMDCs) possess bandgaps on the order of 1.6-2.1 eV, leading 
to unique optoelectronic, mechanical, chemical, and thermal properties.1-5 A direct to indirect 
bandgap shift is observed in MX2 compounds (M = Mo, W and X = S, Se) due to the shift of the 
valence band hills and conduction band valleys in the Brillouin zone.6-9 Edge dislocation in 
single layer transition metal disulfides MS2 (M = Mo or W) leading to local distortions of the 
crystal lattice was previously predicted10, which can have remarkable effects on the 
photoluminescence and electrical conductivity of the material.11 
Synthesis and Photonics of Nanoscale Materials XVI, edited by Andrei V. Kabashin, 
Jan J. Dubowski, David B. Geohegan, Proceedings of SPIE Vol. 10907, 109070D  
© 2019 SPIE · CCC code: 0277-786X/19/$18 · doi: 10.1117/12.2510389
Proc. of SPIE Vol. 10907  109070D-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Aug 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
Ultrafast electron diffraction (UED)12-16 provides a unique tool for the study of transient 
structural dynamics in monolayers and atomically-thin samples due to the large scattering cross 
section of electrons as compared to X-rays.17-19 In this technique, an optical pump pulse initiating 
the dynamics in the sample, is followed by electron pulses that probe the structural changes at 
various pump-probe time delays. Using UED, processes such as correlated atomic motions, bond 
dilation, and structural transformation in nanostructures can be investigated on the order of the 
nuclear motion by combining the high temporal resolution of ultrafast lasers and the atomic-scale 
spatial resolution of electrons.20-22 
In this proceeding, the ultrafast structural dynamics of monolayer WSe2 are reported. The 
suppression of the intensity of the Bragg diffraction spots is attributed to the displacement of the 
atoms following laser excitation and can be characterized by electron-phonon and phonon-
phonon scattering. Two-temperature model is used to accurately describe the out-of-equilibrium 
dynamics due to the low thermal conduction of the monolayer. Similarly to graphene, the 
lifetimes observed from the UED experiment can be described by a single-mode relaxation time 
approximation. 
 
2. Experimental Section 
The WSe2 monolayers are CVD grown on sapphire substrates then transferred on TEM 
grids. The Raman spectrum (Figure 1 (a)) reveals a peak centered at 250 cm-1 followed by a 
smaller shoulder centered at 260 cm-1. These peaks are attributed to the ܧଶ௚ଵ  and ܣଵ௚ phonon 
modes, respectively.23 The photoluminescence spectrum (Figure 1(b)) shows a strong emission 
band centered at 790 nm which is indicative of the indirect to direct bandgap transition in the 
monolayer.24 This emission band originates from Κ → Γ transition where the conduction band 
minimum is located at the Κ point.25. An atomic force microscopy (AFM) image of the WSe2 
monolayer flake deposited on sapphire is shown in Figure 1 (c). The AFM measurements (Figure 
1 (d)) reveal a monolayer thickness of around 0.652 nm, corresponding to the height of a single 
unit cell. The WSe2 samples deposited on TEM grids are annealed in a tube furnace at 160  for 
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2 hours at a pressure of 12 mTorr right before they are loaded in the ultra-high vacuum chamber 
for the ultrafast electron diffraction experiments. 
The UED setup18 consists of a Ti:sapphire laser generating 800 nm pulses with a 100 fs 
duration and a repetition rate of 2 kHz. The fundamental beam is split into pump and probe arms 
using a beam splitter. The pump pulses are P-polarized using a polarizing beam cube and are 
then focused into the sample contained in a UHV chamber. The probe beam pass through a 
frequency tripler to generate 266 nm UV pulses that are subsequently focused into a LaB6 
photocathode. The generated photoelectrons are then accelerated to 30 keV and tightly focused 
to a spatial overlap with pump beam at the sample surface. To minimize space-charge effects, the 
number of electrons in each pulse is maintained at around 300 photoelectrons. The spatial 
overlap between pump and probe beams is ensured by maximizing the transmission of both 
beams through a 150-μm aperture at the sample plane. The sample is mounted on a computer-
controlled five-axis stage and the pump-probe temporal delay is generated using a delay stage. 
The time-dependent diffraction patterns are recorded using a microchannel plate/phosphor screen 
coupled to a CCD working in the gate mode. 
3. Results and Discussion 
Figure 2 (a) shows a representative electron diffraction pattern of WSe2 monolayer 
showing distinctive Bragg diffraction spots. The diffraction intensity spectrum obtained by 
azimuthally averaging the diffraction pattern and its curve fitting is shown in Figure 2 (b). A 
one-dimensional diffraction curve is obtained as a function of the scattering vector. The time-
dependent changes in the diffraction pattern are then recovered by fitting the location and area of 
the diffraction peaks at various pump-probe time delays using a piecewise-linear background and 
a Lorentzian function. The time-resolved intensity change of the Bragg diffraction spots are 
shown in Figure 3 (a) at 5.0, 5.9, 7.1, and 8.2 mJ/cm2 laser excitation fluences. These temporal 
profiles are obtained by averaging over the six first-order diffraction spots shown in Figure 2 (a).  
The room temperature thermal conductivity of layered WSe2 monolayer is known to be 
extremely low due to localized lattice vibrations leading to its uniform heating with negligible 
thermal conduction using a laser pulse where the spot size of the photo-excitation is much larger 
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than the flake.26 Hence, a two-temperature model can be employed to accurately model the 
suppression of the Bragg diffraction intensity and calculate the rise in temperature of the sample 
following 100 fs full-width at half maximum (FWHM) incident laser pulse. The two-coupled 
nonlinear differential equations are given by: 
ܥ௘
߲
߲ݐ ௘ܶ =
߲
߲ݖ ൬݇௘
߲
߲ݖ ௘ܶ൰ − ݃( ௘ܶ − ௟ܶ) + ܵ(ݖ, ݐ)									(1) 
ܥ௟
߲
߲ݐ ௟ܶ = ݃( ௘ܶ − ௟ܶ)									(2) 
where ݁ and ݈ subscripts denote electron and lattice, respectively. ܥ and ݇ are the heat capacities 
and the thermal conductivity, respectively. ܵ(ݖ, ݐ) is the time- and space-dependent heating term 
introduced by the femtosecond laser pulse and ݃ is the electron-phonon coupling constant. The 
values of  ݇௘, ܥ௟, and	ܥ௘ used are provided in Refs. 27, 28, and 29.27-29 The best fit two-
temperature model results are obtained for ݃ = 1.5 × 10଺	ܹ.݉ିଶ. ܭିଵ. In contrast, the electron-
phonon coupling constant of graphene/WSe2 heterostructure is 0.5 × 10଺	ܹ.݉ିଶ. ܭିଵ.30 The 
value of the lattice temperature ௟ܶ obtained from the simulation is used to calculate the change in 
intensity of the Bragg diffraction spots using the Debye-Waller model given by:31 
ܫ(ݐ)
ܫ଴ = exp ቈ2ݏ௛௞௟
ଶ ቆ< ݑ
ଶ( ଴ܶ) > −< ݑଶ( ௟ܶ) >
4 ቇ቉										(3) 
ݑଶ(ܶ) is the atomic mean square displacement given by: 
< ݑଶ(ܶ) ≥ 3ℏ
ଶ
2݉݇௕ߠ஽ [1 + 4(
ܶ
ߠ஽)
ଶ න ݔexp(ݔ) − 1 . ݀ݔ
ఏವ்
଴
										(4) 
where ݉ is the effective mass of the unit cell, ݇௕ is the Boltzmann’s constant, and ߠ஽ is the 
Debye temperature. As shown in Figure 3 (a), the two-temperature model fit (dashed lines) 
shows good agreement with the experimental results at different fluences.  
Figure 3 (b) shows a plot of the lifetimes obtained from the single-exponential fit of the 
transient intensity change versus laser excitation fluence, along with corresponding peak lattice 
temperatures. These lifetimes can be described using a single relaxation time approximation of 
the Boltzmann transport equation (BTE) that neglects phonon reabsorption due to their low 
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materials is given by16: 
߬ ∝ 11 + ߙܶ 					(5) 
where ߙ = ଶ௄್ℏఠ , ܭ௕ is Boltzmann constant, and ℏ߱ is LO-phonon energy. The calculated lifetime 
values shown in Figure 3 (b) are calculated for ℏ߱	=	31.25	meV,	which	corresponds	 to	 the 
LO-phonon energy in monolayer WSe2.35,36 The calculated results are in good agreement with 
the experimental lifetime values at the various corresponding temperatures. 
4. Conclusion
This work highlights UED as a powerful tool for the investigation of the transient state
structural dynamics of atomically-thin materials with unprecedented spatiotemporal resolution. 
The time-dependent suppression of the intensity of the Bragg diffraction spots is reported and the 
dynamics are attributed to electron-phonon and phonon-phonon scattering. Two temperature 
model is used to accurately describe these dynamics due to the negligible thermal conduction of 
the monolayer. Furthermore, the experimental lifetimes of the WSe2 monolayer exhibit similar 
behavior as observed in graphene where the experimental lifetimes obtained at various excitation 
fluences are accurately described by a single-mode relaxation time approximation. 
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